Abstract: Cerebral cortical extracellular NGF was collected and measured every 100 min using microdialysis and ELISA in anesthetized rats. The NGF level, which was stable at rest, increased in the ipsilateral cortex at 200-500 min after the end of focal electrical stimulation to the unilateral NBM for 100 min.
striking in the nucleus basalis of Meynert (NBM), which provides widespread, magnocellular cholinergic innervation to the cerebral cortex [1, 2] . Although the mechanisms that link this cholinergic system with cognitive functions have been studied extensively, the physiological functions of this system have not been clarified completely.
Studies using anterograde tracing techniques have identified axons emanating from the NBM that terminate onto blood vessels of the cerebral cortex [3, 4] . In addition, focal stimulation of the NBM in rats [5] [6] [7] and in cats [8] produces cortical parenchymal vasodilation [9] that results in a rapid increase in regional cortical blood flow during stimulation. Furthermore, in a previous study, we showed that the focal electrical stimulation of the NBM prevented a decrease in cortical blood flow during arterial occlusion and protected cortical neurons from delayed death, suggesting that the vasodilative action due to activating the NBM can lead to neuroprotection against ischemia [10] .
Some nerve terminals originating in the NBM make synaptic contacts with dendrites or cell bodies of neurons in the cerebral cortex [3, 11] . Therefore, stimulation of the NBM may act not only on cortical blood vessels to increase cortical blood flow, but also on cortical neurons to enhance the release of neurotrophic factors, such as nerve growth factor (NGF), which acts as an endogenous neuroprotective factor in the cerebral cortex [12] [13] [14] .
NGF is thought to be produced by cells in the cerebral cortex and released into the cortical extracellular fluid [15, 16] . However, we were unable to find any report that collected and quantified cerebral extracellular NGF in vivo. Therefore, the purpose of the present study was to develop a method for collecting cortical extracellular NGF by microdialysis and to measure NGF levels using a high sensitivity enzyme-linked immunosorbent assay (ELISA). In addition, we sought to clarify whether extracellular NGF release in the cerebral cortex is increased by focal stimulation of the NBM.
Materials and methods
The experiments were performed on 10 male Wistar rats (4-5 months old; 340-420 g body weight) anesthetized with halothane. The concentration of halothane was 3.0% during the induction of anesthesia, was reduced to 1.5% during the surgery, and was fixed at 1.0% after surgery. The trachea of each rat was cannulated and respiration was maintained by a respirator (SN-480-7, Shinano, Tokyo) using halothane mixed in 30% O 2 and 70% N 2 . Artificial ventilation was adjusted to maintain the end-tidal CO 2 at 3-4%. Blood pressure was measured through an arterial catheter in the femoral artery. In order to prevent dehydration, 0.2-0.3 ml of isotonic electrolyte solution was injected through a venous catheter in the femoral vein every 200 min. Body temperature was monitored in the rectum and was maintained around 37.5°C by means of a direct current heating pad and an infrared lamp (ATB-1100, Nihon Kohden, Tokyo).
Sampling of NGF.
The animals were mounted in prone position on a stereotaxic instrument (SR-5, Narishige, Tokyo), and the skull was partially opened. NGF in the cortical extracellular fluid was collected using the microdialysis technique with a coaxial probe covered with a membrane made of polysulfon (3 mm in length and 0.44 mm in outer diameter; NDP-I-4-03, EICOM, Kyoto). The polysulfon membrane allows the passage of chemical substances up to approximately a few hundred kDa in molecular weight [17] . The coaxial probe was perfused at a flow rate of 2 µl/min with 0.01 M phosphate buffered saline (PBS) through the inlet using a microdialysis pump (CMA/100, Carnegie Medicin, Sweden). The PBS was filtered and degassed prior to use. The probe was inserted into the right parietal cortex with a lateral inclination of 30° to a depth of 3 mm from the cortical surface at 0.2 mm anterior to the bregma and 3.5 mm lateral from the midline, as described in the preceding paper [18] . The outlet of the probe was connected to a silicon tube, 90 mm in length and 0.5 mm in inner diameter. The silicon tube was anchored tightly to a metal holder, and the tip of the silicon tube was set at approximately 20 mm below the cortical surface to help the outflow of the cortical perfusate by negative hydrostatic pressure. The in vitro recovery rate of NGF by individual microdialysis probes from stock solution of 500 pg/ml was 7-10%. Animals were kept under resting conditions without any external stimulation at least for 40 min after the cessation of surgery and the initiation of the cortical perfusion. Then, cortical perfusate was collected every 100 min into a collection tube kept in an ice-cooled bath. The collected volume of each perfusate sample was 200 µl. At the end of the experiments, cerebrospinal fluid was collected by inserting a 26 gauge needle into the cisterna magna. Data was excluded if erythrocytes were visible in collected cerebrospinal fluid because the NGF concentration increased by contamination with plasma. Each sample was stored at -20°C until assayed.
Measurement of NGF. NGF concentration was measured using ELISA in an antibody sandwich format (NGF Emax Immunoassay system, Promega, USA). The kit displays cross-reactivity across several species, including mouse, rat and human. ELISA assays were performed according to the instruction with some modifications. Briefly, a 96-well plate was coated with a rabbit polyclonal antibody to NGF (anti-NGF pAb; 1:1,000). After blocking, the standards (recombinant human NGF, 0.24-125 pg/ml) and the diluted samples were added, and the plate was incubated. Then, the plate was extensively washed, and incubated with a rat monoclonal antibody specific for NGF (1:4,000). Finally, the amount of specifically bound antibody was determined using a goat anti-rat IgG conjugated to horseradish peroxidase (1:100) as a tertiary reactant, followed by incubation with a chromogenic TMB substrate. Color was detected using a visible plate reader (Biotrak II, Amersham Biosciences, UK). The intra-assay coefficient of variation was 2%. The detection limit for NGF was 1-2 pg/ml in each assay. Serial dilutions of the sample (1:2 to 1:16), prepared with block and sample buffer, showed an absorbance curve parallel to the standard curve, as shown in Fig. 1 . Furthermore, the recovery of exogenously added NGF into the sample was investigated according to methods described by Furukawa et al. [19] . 0.4 ml of diluted samples (1:2 to 1:16) of the cortical perfusate or cerebrospinal fluid was incubated with 50 pg of NGF. The mixtures of the diluted samples and NGF were subjected to the ELISA-system. The recoveries of NGF from cortical perfusate or cerebrospinal fluid, expressed as a percentage of that in the absence of sample, were above 96%. This suggests that the ELISA could determine NGF concentrations in the cortical perfusate or cerebrospinal fluid reliably. We used twice-diluted sample for the assay of NGF in both cortical perfusate and cerebrospinal fluid, and calculated the original concentration of NGF.
Stimulation of the NBM. A metal electrode was inserted into the right NBM (2.3 mm posterior to the bregma, 3.7 mm lateral to the midline, and 7.6 mm vertical under the bregma height according to the Paxinos & Watson's atlas [20] ). The NBM was focally stimulated electrically in 5 rats using the same method described in the preceding paper [5, 10] with some modifications. In order to reduce tissue damage, we used a charge balanced biphasic pulse of 0.5 ms width with an interphase delay of 0.1 ms [21] . The stimulation was started and ended 10 min before microdialysis sampling, considering the time lag of materials in the probe to reach the collection tube. In order to confirm that the NBM was actually stimulated, the response of cortical blood flow was measured by a laser Doppler flowmeter (ALF 21D, Advance, Tokyo) with a probe placed near the microdialysis probe. After the experiments, the brains were dissected and the positions of the tips of both the stimulating electrode and the microdialysis probe were examined histologically using brain slice sections.
Statistical analysis. The statistical significance was determined by repeated measures analysis of variance (ANOVA) followed by Dunnett's multiple comparison test or by the paired t-test.
Results
Concentration of NGF in cortical perfusate under resting conditions. In 5 rats, cortical extracellular NGF was collected every 100 min continuously for 700 min under resting conditions without NBM stimulation. The NGF concentrations in the first sample of cortical perfusate were 14 to 27 pg/ml (22.2 ± 2.2 pg/ml, mean ± SE in 5 rats). Figure 2A shows the NGF concentration in cortical perfusates measured every 100 min in 5 successful rats, in which cortical perfusate was collected for 700 min. Figure  2B shows simultaneously recorded blood flow in the cerebral cortex. The concentration of NGF in cortical perfusate under resting conditions, as well as the cortical blood flow, did not show any significant fluctuations throughout the 700 min collection period. Further, in these 5 rats without NBM stimulation, the NGF concentration in the cerebrospinal fluid was 10.0 ± 2.1 pg/ml, a value lower than that of the cortical perfusate collected just prior to the cerebrospinal fluid (p < 0.05, by paired t-test).
Effect of NBM stimulation on concentration of NGF in cortical perfusate. In order to analyze the effect of NBM stimulation on cortical extracellular NGF concentrations, we applied NBM stimulation during collection of a second sample in the remaining 5 rats. We stimulated the NBM focally by using intermittent train pulses (1 s on/2 s off) at 50 Hz with a current intensity of 200 µA for a duration of 100 min. Figure 3 demonstrates the NGF concentration in cortical perfusates (A) and the cortical blood flow (B) in 5 successful rats, in which cortical perfusate was collected for 700 min. The cortical blood flow increased during the NBM stimulation to 157 ± 12% of the prestimulus value (5 trials in 5 rats; p < 0.01). Cortical blood flow returned to the prestimulus value after the end of stimulation and was stable throughout the experimental period. During stimulation of the NBM, the concentration of NGF tended to decrease slightly without statistical significance. It returned to the prestimulus level at 0-100 min after the end of stimulation, and then increased significantly at 200-300 min after the end of stimulation. The NGF level remained increased until the end of experimental period. The NGF concentration was 19.8 ± 1.1 pg/ml before NBM stimulation, and was increased maximally to 32.8 ± 2.5 pg/ml (166% of the prestimulus control value) at 300-400 min after the end of stimulation (5 trials in 5 rats; p < 0.05). In 2 successful rats, the NGF concentration in cerebrospinal fluid was 22.6 pg/ml and 13.4 pg/ml, which was lower than that in cortical perfusate collected just prior to the cerebrospinal fluid.
Discussion
The present study demonstrates that electrical stimulation of the NBM increases the extracellular concentration of NGF in the cerebral cortex by using a microdialysis method and ELISA to measure brain extracellular NGF in vivo. The results will be discussed in two sections.
Methodological considerations for measuring cerebral extracellular NGF in vivo. Humpel et al. [22] used similar intracerebral microdialysis in rats to monitor the possible release of neurotrophic factors from hippocampal cells in response to injury and excitation. In their study, they attempted to detect NGF in the perfusate using ganglia bioassays and enzyme immunoassay, but were unable to detect NGF nor any other known neurotrophic factor in the hippocampal perfusate. The in vitro recovery rate of NGF by their probe, performed at the same flow rate as used in the present study (2 µl/min), was approximately half that obtained here, and, more importantly, the detection limit of their NGF assays was more than 1,000 times higher than that in the present study. Therefore, our success in detecting NGF in the cortical perfusate may be due to the use of a high sensitivity ELISA. In addition, we were able to monitor cortical extracellular NGF in vivo every 100 min for approximately 12 h.
Assuming that the recovery rate of NGF by a microdialysis probe in vivo and in vitro (about 8%) is similar, the concentration of NGF in the extracellular fluid in the cerebral cortex would be approximately 250 pg/ml, since the NGF concentration in the cortical perfusate at rest was approximately 20 pg/ml. Although we have to consider a difference in recovery rate between in vivo and in vitro experiments, the present results demonstrate that the physiological concentrations of NGF in the cortical extracellular fluid are higher than those in cerebrospinal fluid. The present results confirmed the reported concentration of NGF in cerebrospinal fluid [23, 24] , and, further, provided an estimate of the physiological concentration of extracellular NGF in the cerebral cortex.
Changes in concentration of extracellular NGF in the cerebral cortex induced by NBM stimulation. The present results indicate that the levels of cortical extracellular NGF increased following repetitive electrical stimulation of the NBM ipsilateral to the measurement of NGF. This result suggests that activation of the NBM facilitates release of NGF from the cortical cells.
The sources of the increased release of NGF into the cortical extracellular fluid following NBM stimulation are unclear. NGF-like-immunoreactivity in the cerebral cortex is located in neurons primarily in layers II/III and V/VI [25, 26] , which receive rich termination from the NBM [3] . These data suggest that NGF is released from cortical neurons. However, NGF release from astrocytes [27] may be induced by NBM stimulation, since cortical nerve terminals from the NBM in the immediate vicinity of vessel walls are separated from the vascular endothelium by an astrocytic leaflet [4] .
Cortical blood flow increased during NBM stimulation and returned to normal after the end of stimulation, whereas the increase in cortical extracellular NGF concentration began after the end of stimulation and persisted for at least 5 h. During NBM stimulation, when acetylcholine release reportedly increases in the cerebral cortex [18] , cortical extracellular NGF levels did not increase. The tendency of the extracellular NGF concentration to decrease during NBM stimulation may be due to an increase in NGF clearance from cortical extracellular fluid through the increase in cortical blood flow, or by an increase in surface binding and internalization of NGF by cortical nerve terminals from the NBM due to depolarization, as reported in PC12 pheochromocytoma cells [28] . The delayed and prolonged increase in cortical extracellular NGF after the end of NBM stimulation may be due to an increase in NGF synthesis via mRNA expression.
NGF prevents glucose deprivation-induced or glutamate-induced neuronal damage in cortical cell cultures [12, 13] . The basal and increased concentrations of extracellular NGF in the cerebral cortex, estimated from NGF concentrations in cortical perfusate and the recovery rate of NGF by the probe, were approximately 250 and 400 pg/ml, respectively. These concentrations are well in accord with the effective concentrations of extracellular NGF to produce dose-dependent protection of cultured cortical neurons [12] . Previously, we reported that a decrease in cortical blood flow during carotid occlusion was prevented and the delayed death of cortical neurons on the 5th day after the occlusion was reduced by repetitive electrical stimulation of the NBM ipsilateral to the occluded artery, applied during the occlusion [10] . Since the effectiveness of NBM stimulation on the improvement of the degree of decrease in blood flow and the delayed neuronal death were similar, we suggested that NBM-stimulationinduced prevention of a decrease in cortical blood flow during the occlusion resulted in the protection against the delayed death of cortical neurons. However, the long-lasting increase (at least for 5 h and possibly longer) in cortical extracellular NGF concentrations following the same NBM stimulation, revealed in the present study, may also contribute to protection against delayed death of cortical neurons. The present results suggest that activation of the NBM may protect the cerebral cortex, not only by vasodilation during activation, but also by a prolonged increase in cortical extracellular NGF concentrations after activation.
Cholinergic neurons in the basal forebrain are dependent on NGF in the cortical extracellular fluid for main-taining their properties. For example, NGF infused into the cerebral cortex increases the number of NGF-and choline acetyltransferase-positive neurons in the kitten basal forebrain nuclei ipsilateral to the NGF infusion [29] . Furthermore, local injections of anti-NGF antibodies into the cortex of the adult rat induced a dramatic reduction of cortical acetylcholine release after high KCl stimulation [16] . In addition, cells labeled with the retrograde tracer, fluorogold, in the NBM after injection of the tracer into the cortex ipsilateral to the anti-NGF injection site are reduced compared to controls, indicating a disruption in the connectivity between the cortex and the basal forebrain. Based on the above mentioned previous studies [12, 13, 16, 29] and our present results, activation of the NBM may help to maintain neuronal organization in both the target region of NBM axons and the NBM itself due to an increase in NGF release into the cortical extracellular fluid. The present findings may be relevant for understanding the pathogenic mechanisms of neuronal degeneration in the NBM and atrophy of the cerebral cortex in Alzheimer's disease.
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